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ABSTRACT

USE OF REDWOOD BASAL HOLLOWS BY BATS: A FOCUS ON THE
TOWNSEND’S BIG-EARED BAT ON THE NORTH COAST OF CALIFORNIA

Amon J. Armstrong

Loss of roosting resources, either through disturbance or removal, negatively
affects bats. For sensitive species, such as the Townsend’s big-eared bat (Corynorhinus
townsendii), determining roost requirements is a critical component in conserving their
habitat. Such cavity roosting bats on the North Coast of California may use hollows in
large redwood trees. In this study, I examined the factors determining the use of basal
tree hollows by different bat species at eight redwood forest sites in Del Norte,
Humboldt, and Mendocino Counties, California. Bat guano was collected from 179 basal
hollow roosts from 2017 to 2018, and guano mass was used as an index of roosting
activity. Nine bat species and one species group were identified using hollows by analysis
of DNA in guano. Analysis of environmental DNA from soil was attempted, but failed.
Of 253 species identifications from 83 hollows, the most prevalent were Myotis
californicus (28.5% of all identifications), the Myotis evotis-Myotis thysanodes group
(17.4%), C. townsendii (17.0%), and Myotis volans (15.0%). Guano production peaked in
summer months at all study sites. I evaluated the extent to which habitat variables at the
scales of the hollow, vicinity, and site influenced the level of roost use. Multiple
ii

regression was used to examine correlations between guano mass and habitat variables,
and logistic regression was used to determine which habitat variables were important to
C. townsendii. At the hollow scale, guano mass increased with height of the ceiling above
the opening. Corynorhinus townsendii selected for large hollow diameters, low ground
height, and high ceilings above the hollow opening. At the vicinity scale, guano mass
increased with less cover of small trees. At the site scale, there was no association
between guano mass and distance to foraging areas, elevation, or number of other nearby
hollows. These tree hollow roost preferences can inform land managers when planning
conservation and management of redwood forests.
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1
INTRODUCTION

North American bats belong to the mammalian suborder Microchiroptera, most of
which use echolocation to prey on insects and roost in crevices and cavities. These bats
are understudied by scientists, likely due to their cryptic behaviors of nocturnal flight and
day-roosting that make them difficult to observe. They are also maligned in folklore and
current media as dangerous to humans, being inordinately accused of spreading disease.
On the contrary, bats fill important ecological roles and provide ecosystem services in the
form of insect control, which helps sustain ecosystem health and saves farmers billions of
dollars annually (Pettit and Kunz 1998, Boyles et al. 2011). Despite these benefits, some
human activities have increasingly threatened bats in North America. As for most
wildlife, habitat loss from development and resource extraction is highly detrimental to
bat populations by disturbing maternity colonies and hibernacula (winter refugia; Frick et
al. 2019). Many bat species have adapted to developed environments by roosting in manmade structures and foraging over agricultural fields and roads. Unfortunately, these
adaptations expose bats to health risks, such as the deadly fungal disease, white-nose
syndrome, and poisonous pesticides (O’Shea et al. 2016). The immediate survival of bats
is hindered by direct threats such as human persecution and the blades of wind turbines,
while changes in climate are slowly altering bat habitats and population dynamics of the
insects they eat (Kunz and Lumsden 2003, Racey and Entwistle 2003, Barclay and Kurta
2007, Weller et al. 2009, Reeder and Moore 2013, Loeb et al. 2015, Hammerson et al.
2017).
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Of these threats, bats are primarily affected by loss of roost resources and
hibernacula, either through disturbance, fragmentation, or removal (Schaub et al. 2008,
Kerth and Melber 2009, Chaverri and Kunz 2011, Frey-Ehrenbold et al. 2013). These
human-caused reductions of roost availability likely limit the distribution and carrying
capacity of bat populations (Fenton 1997, Hayes 2003, Safi and Kerth 2004). Thus, for
sensitive species, assessing roost resources and determining species’ roost requirements
provides a crucial component to conserving or restoring particular habitats. Bat species
that coexist with humans have adapted to roosting in structures such as buildings,
bridges, and mines, which provide crevices and cavities. In natural environments, cavity
roosting bats will often use hollows in old, decaying or burnt trees (Gellman and
Zielinski 1996, Kunz and Lumsden 2003, Ruczyński and Bogdanowicz 2008).
On the California North Coast (Del Norte, Humboldt, and Mendocino Counties),
where caves are rare and structures are limited, bats are documented roosting in basal
hollows of trees (Gellman and Zielinski 1996, Zielinski and Gellman 1999, Purdy 2002,
Mazurek 2004, Zielinski et al. 2007, Roberts 2008). The oldest coastal redwood (Sequoia
sempervirens) trees provide most of the basal hollow roosts, as they have endured
centuries of fire scars and healing that have created the cave-like hollows (Finney 1996).
On a landscape where 95% of the redwood forests are managed for timber production
(Mazurek and Zielinski 2004, CDFW 2015), deliberate conservation of particular roost
trees would likely help to preserve bat populations. To conserve trees being used by bats,
it is necessary to know the physical characteristics of used hollows (Kalcounis-Ruppell et
al. 2005) and the surrounding environmental features (Ruczyński and Bogdanowicz
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2008). Characteristics of tree hollow roosts are typically measured at three scales: the
individual tree, the immediate vicinity, and the surrounding site or landscape (e.g.,
Boonman 2000, Lucas et al. 2015, Kühnert et al. 2016).
Determining which hollows bats use in a redwood forest presents a challenge,
given how seldom people encounter and see individual bats or colonies (Fellers and
Pierson 2002). Capture and audio recording have also had limited success in the
determination of bats using hollows as roosts (Zielinski and Gellman 1999, Purdy 2002,
O’Shea et al. 2018). Radio-tracking has been used to follow bats to their roosts, but this
approach is invasive, labor intensive, and usually results in low sample sizes (Perry et al.
2007). Infrared and thermal videography are effective at large, known roosts, but would
not be conducive to exploratory searches for bats (Kunz et al. 2009). Collecting guano,
and measuring its mass, is a non-invasive alternative that provides an index of the amount
of bat use, which can be used to determine preferred characteristics of basal hollow tree
roosts. Additionally, analyzing DNA in the guano is an effective method to determine
species prevalence (the percentage of identifications; also known as species composition,
commonness, occurrence, or frequency).
Analysis of DNA in mixed guano samples has proven to be effective at detecting
over 90% of species tested in the order Chiroptera (Walker et al. 2016). Use of
environmental DNA (eDNA) samples from habitat substrates has also become more
common in fisheries and wildlife studies as tests become more sensitive (Harrison et al.
2019). Using eDNA may be an effective method of identifying bat species using roosts
when time limits the collection of guano. Guano DNA from redwood hollows has been
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analyzed, although only from a relatively small number of selected pellets (217) from two
sites in Del Norte and Mendocino Counties (Mazurek and Zielinski 2004, Zielinski et al.
2007). DNA analysis methods have improved since those studies and more testing is
needed to compare prevalence of species over a broader geographic range. Identifying
species is the first step in evaluating habitat needs for species of conservation concern.
The Townsend's big-eared bat (Corynorhinus townsendii), which occurs in the
coastal redwood region (Pierson and Fellers 1998), is of particular conservation interest.
Corynorhinus townsendii was chosen as a focal species for this thesis because it was a
State Candidate for Listing under the California Endangered Species Act (CESA) until
the fall of 2016, when the State Fish and Game Commission determined that a
“threatened” listing was not warranted (Fish & G. Code, § 2075.5, subd. [e][1]; Cal. Code
Regs., tit. 14, § 670.1, subd. [i][2].). Corynorhinus townsendii is also a Species of
Conservation Concern (SCC) in California and Federally (CDFW 2015 State Wildlife
Action Plan, O’Shea et al. 2018). Both of these determinations are due to a lack of
abundance and habitat data. Surveys of C. townsendii across much of California have
provided comparative abundance data that can help conserve roost resources such as
caves and mines (Harris et al. 2019), but information is still lacking about roosting
ecology in redwood forests. Knowledge about relative abundance, hollow size
requirements, and ecological associations comes from a limited sample of known roost
trees (< 20 hollows; Fellers and Pierson 2002, Mazurek 2004). The characteristics of
hollows and their surroundings required by C. townsendii have not been studied
separately from other bat species, partially due to the statistical instability of low sample
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sizes. One goal of this thesis is to increase the number of known locations of hollows
used by C. townsendii in order to investigate roost requirements, and compare them to the
group of all bats. This information could be useful if C. townsendii becomes a Candidate
for Listing in the future.
While C. townsendii was of particular interest, the overall goal of this thesis was
to address a lack of information about the prevalence and habitat needs of all bat species
roosting in basal hollows on the North Coast of California. By increasing the number and
geographic extent of known basal hollow roosts, I verified and expanded existing
analyses of species prevalence and habitat requirements (Gellman and Zielinski 1996,
Zielinski and Gellman 1999, Purdy 2002, Zielinski et al. 2007, Roberts 2008). Basal
hollows in Humboldt County, particularly, have rarely been studied. I focused on these
relatively unknown locations to gain specific habitat knowledge of C. townsendii and all
species, and to test survey methods using DNA analysis of guano samples.
The most prevalent species using basal hollows in Del Norte and Mendocino
counties, according to Zielinski et al. (2007), was the long-legged myotis (Myotis volans;
35.6% of 149 guano pellets from 63 hollows), followed by the California myotis (Myotis
californicus; 28.2%), and C. townsendii, which accounted for only 1.3% of guano pellets
analyzed. There was variation between sites, with the M. evotis-M. lucifugus-M.
thysanodes group being more prevalent in Del Norte (32.1%) than M. volans, while
representing only 4.4% of the Mendocino samples. Of four species detected by Mazurek
and Zielinski (2004; Mendocino), M. volans was also the most common species (46% of
68 pellets from 18 hollows/fire-scars). M. californicus accounted for 25%, and C.
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townsendii was not detected. Individual species using redwood hollows have not been
investigated for habitat needs, likely due to low detection rates.
In Del Norte County, habitat variables that were positively correlated with
frequency and intensity of bat use included volume of the cavity and volume above the
hollow opening (Roberts 2008). Volume of the hollow and diameter at breast height
(DBH) were related to use by bats in a previous study partially in the same area (Gellman
and Zielinski 1996). On the site scale, hollow density had a positive effect on frequency
of use, while distance to the nearest stream was negatively correlated with use (Roberts
2008). Greater use of hollows close to water sources was also documented by Gellman
and Zielinski (1996). Waterways are used intensely by bats as they forage for insects,
drink, and interact with other bats (Rydell et al. 1996, Corcoran and Weller 2018).
A higher relative abundance of bats using hollows during summer than winter has
been estimated using guano mass (Gellman and Zielinski 1996, Mazurek and Zielinski
2004, Roberts 2008). Guano mass has been measured monthly in other studies, but
species changes over time have not been recorded. Also, seasonal changes in relative
abundance may be different by site. Here, I compared overall monthly guano mass by site
and determined species contributions.
My objectives centered on species identifications by DNA analysis of guano and
soil to elucidate natural history patterns and habitat associations of all bats using basal
hollows in Del Norte, Humboldt, and Mendocino Counties. Habitat variables were
evaluated in relation to collected quantities of guano at the scales of the tree hollow, its
immediate vicinity, and the surrounding site. Particular attention was paid to C.
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townsendii presence at hollows in which they were identified by DNA analysis.
Geographic diversity and sample sizes were increased, compared to previous local
studies, by including eight sites (southern Mendocino to northern Del Norte Counties)
and by collecting guano for one year from over 170 basal hollows. My specific
objectives, hypotheses, and predictions were based on concerns of land managers and
CDFW staff about which basal hollows should be conserved for bat use:
Objective 1. Identify bat species roosting in hollows, from DNA analysis of guano, and
calculate the prevalence of each.
Hypothesis 1. Species proportions will be similar to other studies on the North
Coast of California.
Prediction 1. The most common species, from most to least prevalent,
will be: M. volans, M. californicus, E. fuscus, M. evotis, M. thysanodes, M.
lucifugus, and C. townsendii (Zielinski et al. 2007).
Objective 2. Test the efficacy of using eDNA from soil within hollows to determine
species use.
Hypothesis 2. Bat species will be identifiable from analysis of eDNA in the soil
beneath hollows if guano/urine deposits ensure that DNA enters the substrate.
Prediction 2. Bat species will be more effectively identified using soil
samples from high-use hollows, than medium and low use hollows.
Objective 3. Measure how bat use of tree hollows, by guano mass, and species
composition changes throughout the year.
Hypothesis 3. Monthly hollow use increases in the summer with the maternity
season and decreases in the winter, when bats may be hibernating in hollows.
Prediction 3. Guano mass will be higher in the warmer months (spring,
summer, fall) than winter months (Gellman and Zielinski 1996).
Hypothesis 3.1. Species composition in hollows changes throughout the year
according to fluctuations in population distributions.
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Prediction 3.1. Species compositions within hollows will change
throughout the year, based on DNA species identifications by month.
Objective 4. Determine which tree hollow characteristics affect use by all bat species
compared to C. townsendii alone.
Hypothesis 4. The amount of roost use, as indexed by guano mass, is influenced
by certain habitat variables at the hollow scale
Prediction 4. Guano mass will be higher in larger hollows (based on
DBH, volume, width of opening, and similar measurements).
Prediction 4.1. Guano mass will be higher in hollows that are warmer,
measured by internal and external temperatures.
Objective 5. Determine the effect of vicinity-scale vegetation characteristics, such as
canopy cover and tree density, on the amount of use by all bat species compared to C.
townsendii alone.
Hypothesis 5. The amount of roost use, as indexed by guano mass, is influenced
by vegetation variables at the vicinity scale.
Prediction 5. Guano mass will be higher in hollows with easier access, as
measured by proportion of vegetation cover within a 10 m radius, and with
larger trees at lower density (number within a 30 m radius).
Objective 6. Determine site-scale variables (proximity to resources, elevation) affecting
use by all bat species compared to C. townsendii alone.
Hypothesis 6. The amount of roost use, as indexed by guano mass, is influenced
by habitat variables at the site scale.
Prediction 6. Guano mass will be higher in hollows close to potential
foraging (forest openings, streams, roads) and will decrease with elevation
and number of known hollows within 300 m.
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STUDY SITE

The landscape on the North Coast of California is mainly temperate forests,
coastal grassland, and agricultural land. Study sites are in old-growth forests dominated
by coast redwood (Sequoia sempervirens), and including Douglas-fir (Pseudotsuga
menziesii), tanoak (Notholithocarpus densiflorus), bay laurel (Umbellularia californica),
and red alder (Alnus rubra) trees, along with a diverse understory, including sword fern
(Polystichum munitum) and huckleberry (Vaccinium ovatum; CDFW 2015). Bat species
present in this area include the Townsend's big-eared bat (Corynorhinus townsendii;
SCC), big brown bat (Eptesicus fuscus), little brown bat (Myotis lucifugus), Yuma myotis
(M. yumanensis), California myotis (M. californicus), long-eared myotis (M. evotis;
SCC), fringed myotis (M. thysanodes; SCC), long-legged myotis (M. volans: SCC), pallid
bat (Antrozous pallidus: SCC), free-tailed bat (Tadarida brasiliensis), silver-haired bat
(Lasionycteris noctivagans), and hoary bat (Lasiurus cinereus; Gellman and Zielinski
1996). Predators such as the Pacific gopher snake (Pituophis catenifer catenifer), small
carnivorous mammals (e.g., raccoons [Procyon lotor]), corvids, and owls threaten these
bat species at their roosts (Lima and O'Keefe 2013).
Eight study sites on the North Coast of California were chosen within the
redwood region spanning Del Norte, Humboldt, and Mendocino Counties (Fig. 1). Oldgrowth forests were chosen based on their likelihood to contain basal tree hollows, which
can take centuries to form (Finney 1996). My goal was to locate over 100 trees with
basal hollows dispersed across three counties. All found hollow locations were recorded
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with a Global Positioning System (GPS) and mapped with ArcMap 10.4.1 (ESRI,
Redlands, CA; WGS 1984 Zone 10 North, Fig. 1).

Figure 1. Basal hollow study sites on the North Coast of California (WGS 1984 UTM Zone 10
North; County boundary source: ESRI). Previous studies include: Gellman and Zielinski
1996 (26 hollows), Zielinski and Gellman 1999 (99 hollows), Purdy 2002 (18 hollows),
Zielinski et al. 2007 (104 hollows), and Roberts 2008 (72 hollows).
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Figure 2. Aerial view examples of Grizzly Creek State Park (Humboldt County) and Cape
Vizcaino (Mendocino County) study sites, with hollow locations and search areas (see
Appendix A for other sites). Yellow dots represent hollow locations, sized by mass of
guano collected 2017-2018 (Grizzly Creek range: 0.01 - 2.4 g, Cape Vizcaino range: 0.01
- 0.5 g). Light purple lines represent search area limits (WGS 1984 UTM Zone 10 North;
Imagery source: NDVI).
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METHODS

At each site, initial tree hollows were located with guidance from participating
land managers (Bureau of Land Management, California State Parks, Save the Redwoods
League), prior research (Gellman and Zielinski 1996, Mazurek and Zielinski 2004), aerial
imagery (Google Earth Pro), and field reconnaissance (with the help of a team of CDFW
staff and HSU volunteers). Forests of various ages were searched within sites, but basal
hollows could mainly be found in old-growth forests with the exception of a few retained
“legacy” trees. From the initial hollows found, forests were searched within a radius of at
least 100 m from each new hollow to find other hollows. About half of the searches were
intentionally conducted off of roads or trails to reduce anthropocentric bias.
Basal hollows were included if they met the minimum threshold of having closedtops with ceilings above the cavity opening (Gellman and Zielinski 1996). There was no
minimum size of hollow opening. Measured hollow dimensions were based on field-tests
and established methods (Gellman and Zielinski 1996, Zielinski et al. 2007; see Table 1
for variables; Fig. 3). Since temperature may influence roost selection (Kalcounis and
Brigham 1998, Sedgeley 2001, Willis 2003), pairs of HOBO temperature data loggers
(Onset Computer Corp., Bourne, MA) were placed on the internal and external surfaces
of 77 hollows at six sites for one year. Internal temperature loggers were placed close to
the ceiling to determine microclimatic effects as compared to external loggers, which
were placed on the north side of the tree (at the same height) to reduce effects of solar
radiation. Device failures, displacement, and logging operations (forcing cancellation of
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one site, Mickey Trust) limited the dataset available for analysis to 33 paired data
loggers.
Observations of solitary bats, maternity roosts, and other animals were noted.
Maternity roosts were of particular interest because of their importance to the
continuance of bat populations. All bats encountered were minimally disturbed in
accordance with the guidelines of the Institutional Animal Care and Use Committee
(protocol no. 15/16.B.119-A).
Table 1. Tree hollow characteristics used as predictor (independent) variables for bat use as
indexed by guano mass.
Hollow

Vicinity

Site

Diameter at Breast Height (DBH)

Cover

Distance to water

Aspect of opening

- Canopy

Distance to road

Max. height of opening

- Upper (tall trees)

Distance to clearing

Max. width of opening

- Mid (small trees)

Elevation

Max. diameter - internal

- Shrub

Ceiling height above opening

- Herbaceous

Max. diameter above opening

Within 30 m radius:

Volume (𝜋 𝑟2 ℎ/3)

- Tree Species

Vegetation covering opening

- Tree DBH (< or > 60 cm)

Internal/external temperature

- Tree Density

Number of hollows
within 300 m

14

Figure 3. Diagram of hollow measurements.

Guano traps made from water permeable screen (3M Weedblock, 3M Company,
St. Paul, Minnesota) were stapled inside of each hollow, near the substrate, to capture
guano droppings from all likely roosting positions. Guano traps were not installed in ten
hollows found at the Humboldt Redwoods and Grizzly Creek sites to temper the overall
effect of those sites. To achieve a robust measure of use per hollow by bats, and to
determine seasonal changes in use, guano was collected monthly for at least one year per
site following established methods (Gellman and Zielinski 1996). A weighted
interpolation of guano mass was used to equalize monthly comparisons when guano
collections extended beyond one month after the previous collection, or when traps were
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disrupted by bears, people, or logging operations. Guano was stored in a freezer at -5°C,
and removed only once to avoid DNA degradation. Guano pellets were separated from
tree debris and other detritus, mass (g) was recorded, and samples were placed in
preservative (RNAlater, Life Technologies, Carlsbad, California). Guano was not ovendried to standardize mass because DNA would likely degrade. Most guano was dry when
collected and dried more in paper envelopes prior to processing (samples were in a
freezer for up to 6 months). Samples were removed if wet or not definitively bat guano.
For DNA analysis, some pooled samples (collected per hollow over the study period) had
to be subsampled to fit into the 10 ml vials supplied by the Northern Arizona University
(NAU) “Species from Feces” lab. Subsamples were also taken at the NAU lab prior to
analysis.
To determine which bat species roosted in each hollow, 236 guano samples were
submitted for DNA analysis to the Northern Arizona University (NAU) “Species from
Feces” lab; 169 pooled per hollow from one year of collections, 10 from half-year
collections, and 57 from monthly collections (to examine species composition change
over time). Optimally, a higher sample size of monthly species identifications would
allow more thorough analysis, but was limited by budget. The DNA mini-barcode assay
protocols used to identify species were described in detail in Walker et al. (2016). Pooled
guano samples were used for analysis rather than individually selected pellets (as in
Zielinski et al. 2007) as a more random method of sampling to address frequency of
species occurrence (prevalence) per hollow. Ninety-eight single guano pellets were also
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analyzed to assess visual identification. Single pellets were chosen in size/color groups,
photographed, and compared to DNA species identifications (Appendix C).
Bat species were successfully identified in an initial test of eDNA analysis using
soil from beneath a hollow with known use (visible guano). Based on this initial success,
soil samples were collected from inside 30 basal hollows to test the efficacy of
determining bat species from eDNA in the soil. Soil samples were from hollows that had
guano traps removed at least two months prior. Soil was collected at the end of the
summer of 2018 to capture the “high season” of bat use (more DNA present) including
maternity, pupping, and juvenile periods (~ May-July). Samples were preserved and sent
for analysis immediately to prevent loss of information from degradation of genetic
material. These soil samples were sent to the NAU lab to determine species
identifications with the intention to compare species identifications from pooled and
single guano samples with the results of species detected from soil eDNA.
Proportion of upper and mid-canopy, shrub, and herbaceous cover were estimated
in a 10 m radius circular plot around each tree (measured by laser from the outside of the
tree) based on the CDFW-CNPS Protocol for the Combined Vegetation Rapid
Assessment and Relevé Field Form (CNPS.org; updated 5 June 2019). To measure the
density and size class of trees at the vicinity scale, trees were counted and diameter
categories were recorded (< or > 60 cm DBH) within a 30 m radius.
For site-scale predictor variables, I recorded elevation and measured distances
between hollows and streams, roads, and clearings to use in determining potential effects
on roost selection. Geographic Information System (GIS) layers were accessed for
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streams, roads (polylines; USGS, CalTrans) and clearings (vegetation rasters; National
Agriculture Imagery Program [NAIP] aerial imagery 2012; CDFW Map Services). The
number of hollows found within 300 m was determined using GPS locations and the
“Near” tool in ArcMap. The 300 m radius was used based on site sizes and estimated area
used by bats seeking roosts.
I used an information-theoretic approach to evaluate the influence of habitat
variables on mass of bat guano at three scales: hollow, vicinity, and site (Burnham and
Anderson 2002, Burnham et al. 2011). I evaluated mixed-effects models using program R
(R Version 3.4.4, www.r-project.org) with variables and hypotheses that were determined
based on previous observations of habitat factors. While a priori hypotheses were
formulated before data collection, post hoc exploratory analysis during review of
quantitative evidence allowed for generation of alternative hypotheses (Burnham et al.
2011). For the mixed-models, the response variable was guano mass (g), a reliable index
of bat use (Gellman and Zielinski 1996). Because rate of guano deposit was unknown, the
index of guano mass was related to number of bats but was not a true count. Similarly,
the proportions of species detected per hollow in the DNA analysis is not necessarily
proportional to the amount of use by those species due to biases in the process of
sampling and iterative testing. Thus, detections of C. townsendii were modeled as
presence/absence data using logistic regression. True absence could be considered
because of the high sensitivity of the mini-barcode DNA assay to identify species when
samples amplified sufficiently. In all analyses, I considered the hollow to be the
experimental unit. Predictor variables were measured at the hollow, vicinity, and site
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scales (see Table 2). Separate models were used for each scale. To determine which
predictors to include in multiple regression models, I considered the results of a Principal
Component Analysis, correlation matrices, univariate regressions, and field experience.
To rank the models, I used Akaike’s Information Criterion (AIC) corrected for low ratios
of sample size to number of estimated parameters (AICc; recommended when
samples/parameters < 40; Burnham and Anderson 2002, Burnham et al. 2011). Generally,
AIC awards parsimony (or penalizes low degrees of freedom) and is calculated based on
the log of the maximum likelihood of a model (Akaike 1974). In this case, top-ranked
models provided evidence for characteristics of a roost most likely to be important for
bats.
Generalized Additive Mixed Models (GAMMs) were used in regression modeling
of guano mass as a function of hollow, vicinity, and site variables. GAMMs were chosen
because they combine Generalized Additive Models (GAMs) and Linear Mixed Effects
(LME) models. GAMs are well-known for their flexible and robust smoothing parameter
estimation methods (Wood et al. 2016). As opposed to linear models, the smoothing
spline functions connect multiple consecutive models into one, fitting unevenly
distributed data residuals well, and using parameter penalization to avoid overfitting.
These models were suitable to this study because the guano mass (response variable) data
were positively skewed, with some relatively high outliers. GAMs were fit on the fixed
effects using Gaussian family (“normal” distribution) identity link functions, after testing
predicted versus actual outcomes and finding that they preserved information better than
Gamma functions or log-transformed data. The LME part of the GAMM models fit
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parametric (categorical) variables and random effects, which incorporate dependencies
among portions of the data. In my case, there was spatial autocorrelation among hollows
by site (n=8), therefore I used site as a random intercept. The GAMM general form is

𝑔(𝐸(𝑌))𝑖𝑗 = 𝛽0 + 𝑓1 (𝑥1 ) + 𝑓2 (𝑥2 ) + ⋯ + 𝑓𝑖 (𝑥𝑗 ) ~ 𝑁(0; 𝜎 2 )

where g is a smoothed function of E, the expected quantity of Y, the response variable
(guano mass), β is the intercept, and f is a smoothed function of x, the predictor variable
from the jth collection at hollow i, and i = 1…131, and the random intercept (site), which
is normally distributed (N) with mean 0 and variance σ2. Models were cross-validated
using leave-one-out training and testing portions of the full dataset within the GAM
modeling process. Predictor variables in final models were continuous except for heights
and trunk diameters at the vicinity scale, which were categorical for timely estimation.
GAMMs were fit to data on C. townsendii identifications with the binomial
family (logistic regression; species present/absent at hollow within one year) and
predictor variables at the hollow and site scales (vicinity and temperature models were
inconsistent due to lower sample sizes). The logistic regression models used were based
on the equation

𝑙𝑜𝑔𝑖𝑡[𝑃𝑟 (𝑦1 = 1)] = 𝛽0 + 𝛽𝑙 𝑥1,𝑖 + ⋯ + 𝛽𝑘 𝑥𝑘,𝑖
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where yi denotes the status of the focal species in the hollow i, yi = 1 corresponding to the
presence, and yi = 0, the absence of the species. Pr( ) stands for probability, the logit link
function is defined as logit(x) = log(x/[1 − x ]), k is the number of predictor
variables, xli is the value of predictor l in a hollow i , and βl is the regression coefficient
(i.e., size and direction of the predictor’s effect on the likelihood of detecting the species).
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RESULTS

Searches for basal tree hollows from April through July 2017 resulted in finding
179 hollows, which were fitted with guano traps. Monthly guano collections were
consistent at 139 of those hollows for at least 1 year each (overall study period: April
2017 - September 2018). The reduction in hollows was a result of one site with 12
hollows in Mendocino County being decommissioned due to logging operations, and 28
hollows over the study area consistently being disrupted by bears, people, or weather.
Secondary forests were searched in several sites, but fire-scars were not deep enough to
install guano traps, as hollow formation can take hundreds of years. Hollows were
primarily in redwood trees (130). Other tree species in which guano traps were installed
were tanoak (7), Douglas-fir (1), and California bay laurel (1). Minimal guano (0-0.5 g;
0-5 pellets per hollow) was collected from these other species, although guano was
collected from nearly every hollow (172/179) at least once over the study period.
Guano mass was measured monthly, and habitat variables were measured once at
hollow, vicinity, and site scales (summarized in Table 2). The total mass of guano
collected was 1014 g (~100,000 pellets) over 1547 visits to hollows during the study
period (mean = 1.07 g/sample, SE = 0.24; 925 samples obtained; 622 visits without
guano; Table 2). Guano was collected from several hollows with small openings (< 1 m2)
and volumes (< 1 m3). For example, the volume of hollow Shady Dell-13 was less than 1
m (0.63 m3) and guano was collected there every month, except for January 2018. The
3

smallest hollow in which guano was collected at least once had a volume of 0.1 m3.
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Table 2. Data summary of guano mass (response variable) and key predictor variables at 139
basal hollows on the North Coast of California, 2017-2018. Temperature data: n=33.
Vicinity data: n=36.
Variable

Min.

Max.

Median

Mean

Std. Dev.

0

130.15

0.02

0.65

5.81

DBH (m)

0.41

5.59

2.36

2.44

0.97

MaxHeight (m)

0.18

15.54

2.34

3.03

2.38

MaxWidth (m)

0.15

2.67

0.81

0.95

0.54

CeilingHeight (m)

0.16

18.8

1.05

1.76

2.43

HollowDiameter (m)

0.23

4.35

1.41

1.58

0.90

MaxDiamEncl (m)

0.08

2.42

0.69

0.76

0.43

Volume (m-cubed)

0.02

57.35

2.03

5.26

8.71

TemperatureInt (°C)

11.0

17.4

12.2

12.3

1.26

TemperatureExt (°C)

10.3

17.3

11.9

12.0

1.29

CoverVascular

0

95

60

58.94

27.21

CoverConifer

5

65

40

43.28

16.50

CoverHardwood

0

40

6

13.20

14.20

CoverSmall

3

50

15

15.70

10.89

CoverShrub

0

75

10

17.42

21.23

CoverHerb

0

90

30

37.05

25.16

Redwood30mRadius

7

46

14

18.66

10.21

DougFir30mRadius

0

33

3

5.69

7.50

GuanoMass (g)
Hollow Scale

Vicinity Scale
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Variable

Min.

Max.

Median

Mean

Std. Dev.

0

14

1

3.20

4.56

12

55

23

28.26

12.56

Elevation (m)

13

578

157

220.44

170.39

DistToClearing (m)

17

489

122

136.30

82.58

DistToStream (m)

11

612

154

201.85

149.16

0

18

7

7.80

3.85

Tanoak30mRadius
TotalTrees30mRadius
Site Scale

Hollows300mRadius

Observations of bats in any hollow size were rare (just 13 individual or colony
observations in 1547 visits). Over the study period, solitary C. townsendii were observed
roosting in three hollows at Grizzly Creek, two at Mailliard Redwoods, one at Humboldt
Redwoods and one at Shady Dell. One Myotis bat was seen in Grizzly Creek hollow 15,
but was not identifiable to species. One colony with 11 bats (likely C. townsendii) was
observed at the Shady Dell site (hollow 11) in 2017, but could not be found on
subsequent visits. Two likely maternal colonies were found at the Mailliard Redwoods
site (hollows 08 and 11) based on multiple audible bats and massive guano deposits
(130.1 g on 21 August 2017, 108.9 g on 20 September 2017). One colony of about 40 C.
townsendii was found in Grizzly Creek hollow 16 on 24 August 2017. This was
presumed to be a maternal colony due to the number of bats observed compared to other
C. townsendii observations and records of a colony at the same site from a previous study
(Mazurek 2004). Juveniles, if present, were indistinguishable from adults (Fig. 4). One
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week later, the colony was located in a different hollow (Grizzly Creek 18)
approximately 100 m away. In most cases, species in these observations could not be
verified by DNA analysis because pooled samples typically had multiple species
identifications.

Figure 4. A maternal colony of approximately 40 C. townsendii on 31 August 2017 in hollow 18
Grizzly Creek State Park, Humboldt County, California.

There was evidence of other likely colonies based on large quantities of guano,
some of which were identified to species by DNA analysis (only possible at three hollows
with monthly identifications). A presumed maternal colony roosted in Grizzly Creek 22
in June 2018 (22.7 g of guano). Other likely colonies were Grizzly Creek-14 (14.7 g in
August 2017), and Mailliard Redwoods 01 (24.9 g monthly mean from April to
September 2017). Shady Dell 04 likely contained a maternal colony in July 2017, with
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8.2 g of guano collected (the mean per year was 2.2 g, versus 0.1 g for all other hollows
at Shady Dell). The small, dark guano pellets were identified in 80% of DNA sequences
as M. californicus. The colonies observed in Mailliard Redwoods 08 and 11 were
presumed to be C. townsendii based on large size and golden color of pellets. Because
these two hollows were part of a split sample test (6-months each), DNA analysis was
able to confirm the species in Mailliard Redwoods 11 as C. townsendii. However, the
species in Mailliard Redwoods 08 was identified in 81% of DNA sequences from the first
6-month sample as M. volans (16% M. evotis/thysanodes; 3% M. californicus) and in
100% of sequences from the second 6-month sample as A. pallidus.
Bat species were successfully identified in 121 of 236 samples submitted for
DNA analysis, pooled by hollow. Of 98 single pellet samples submitted, DNA in 55
successfully amplified to return a species identification. Nine bat species and one species
group were identified from 253 species identifications in 83 hollows (Fig. 5). In most
cases, multiple species were identified using each hollow over the study period. In a
comparison of single pellet size, shape, and color to DNA results, only general species
groups could be identified, indicating that this would not be a good method for species
identification (Appendix C).
Species identification from all of the soil samples (eDNA) was unsuccessful.
DNA failed to amplify sufficiently to run polymerase chain reaction (PCR) tests leading
to a species identification. A pilot test of eDNA was successful, using soil from beneath a
hollow with evidence of bat use (found guano). Following the pilot test, soil samples
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were scooped from beneath hollows in early November 2018 to allow for maximum
accumulation during summer and fall.
The most prevalent species, by proportion of DNA identifications, was M.
californicus (28.5% of all identifications; 72/83 hollows). Although this species cannot
be separated from Myotis ciliolabrum by DNA analysis, capture records did not indicate
that California’s North Coast is part of the range of M. ciliolabrum. The M. evotis-M.
thysanodes group was the second most prevalent identification (17.4%; 46/83 hollows;
species indistinguishable by DNA analysis). Corynorhinus townsendii followed closely
as the third most prevalent species (17.0%; 43/83 hollows; Fig. 5). The number of species
identifications per site provided a more specific picture of which sites contributed to the
proportions in Fig. 5 (see Table 3).
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Figure 5. Bat species detections, by percentage of total species detections (n=253; multiple species per tree), from DNA analyses of
guano collected from 83 tree hollows during 2017 - 2018 in Del Norte, Humboldt, and Mendocino counties, California (1 year; 8
sites). Lasiurus cinereus was detected once (0.4%) at the Shady Dell site. See Table 3 for species-by-site detections.
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Table 3. Bat prevalence (species frequency) by percentage, based on species identifications from DNA analysis of pooled guano
collections from 83 hollows over the study period (April 2017 – September 2018), at eight sites on the North Coast of California.

Hollows per
site
Number of
Species IDs
Percentage
per site
Myotis
californicus
Myotis evotis/
thysanodes
Corynorhinus
townsendii
Myotis volans
Eptesicus
fuscus
Myotis
yumanensis
Myotis
lucifugus
Lasionycteris
noctivagans
Antrozous
pallidus
Lasiurus
cinereus

Del Norte
Redwoods

Experimenta Headwaters
l Forest
Forest

Grizzly
Creek

Humboldt
Redwoods

Shady Dell

Cape
Vizcaino

Mailliard
Redwoods

15

10

24

25

26

13

12

9

3

7

58

40

52

33

28

32

33.3

42.9

29.3

17.5

34.6

21.2

42.9

21.9

33.3

28.6

13.8

20.0

25.0

9.1

3.6

31.3

14.3

15.5

20.0

11.5

27.3

25.0

9.4

22.4

17.5

13.5

12.1

3.6

18.8

8.6

5.0

7.7

6.1

14.3

10.3

10.0

9.1

10.0

15.2

33.3
14.3

7.7

3.1

7.1
15.6
3.6
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The mass of collected guano varied greatly by season, peaking in summer months
(Fig. 4). Guano mass was highest in August 2017 (266.17 g) and lowest in January 2018
(5.53 g). August was also the peak month in 2018, over the study area, but some sites
peaked in June or July. The latest peak collection occurred at the Del Norte Redwoods
site in October 2017 (Appendix B). The Mailliard Redwoods site had the fewest hollows
(9) and the highest quantity of guano (72% of total guano mass), giving it the strongest
influence on the overall monthly patterns (see Fig. 6 compared to Fig. 7). The Grizzly
Creek site had the second highest quantity of guano (17% of total guano mass; 25
hollows), leaving the other six sites a combined proportion of 11% of the total guano
mass. Within sites, guano masses were highly variable between hollows, and typically a
few hollows held the highest proportion of monthly collections.
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Figure 6. Total guano mass (g) collected per month from all tree hollow roosts (n=139) from May
2017 to April 2018, at 8 sites on the North Coast of California. Data used from May 2017
to April 2018 due to Mailliard Redwoods site collection date range. Site order in legend
matches order in graph. (Link to grayscale accessible version).
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Figure 7. Total guano mass (g) collected per month, with the Mailliard Redwoods site removed
(n=130), from May 2017 to April 2018, on the North Coast of California. Site order in
legend matches order in graph. (Link to grayscale accessible version).

Species composition changed throughout the year as shown by guano collections
from three hollows analyzed separately by collection date (Grizzly Creek 01, Grizzly
Creek 22, Mailliard 01; Fig. 8). As mentioned, this was a limited sample size, but existing
data on species composition change in tree roosts is extremely sparse, so I chose to
describe my natural history observations here. At least seven species roosted in Grizzly
Creek hollow 22 from April 2017 to September 2018, usually with several species in the
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same month (Fig. 8). C. townsendii had the highest prevalence in most months, except
May 2017 and April in both years, when M. volans was most commonly detected (Fig.
8). M. lucifugus was detected more in summer months and M. californicus was detected
more in winter months (indicating possible hibernation; Fig. 8). At Grizzly Creek hollow
01, C. townsendii was detected most in April and July, but the M. evotis-M. thysanodes
group was most common in other months, and M. californicus was present in all months
(Fig. 9). Mailliard Redwoods hollow 01 (April 2017 to May 2018) also showed species
changes by month, with A. pallidus roosting detected most in warmer months and the M.
evotis-M. thysanodes group detected most in winter months (Fig. 10). These species
composition results, although statistically limited, revealed seasonal patterns worthy of
further investigation.
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Figure 8. Species identifications by percentage of monthly guano collection at hollow 22, Grizzly
Creek State Park, California. Identifications are from DNA analysis, therefore some
months are missing due to unsuccessful amplification of low-mass samples.
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Figure 9. Species identifications by percentage of monthly guano collection at hollow 01, Grizzly
Creek State Park, California. Identifications are from DNA analysis, therefore some
months are missing due to unsuccessful amplification of low-mass samples.
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Figure 10. Species identifications by percentage of monthly guano collection at hollow 01,
Mailliard Redwoods State Park, California. Identifications are from DNA analysis,
therefore some months are missing due to unsuccessful amplification of low-mass
samples.

To determine which hollow characteristics influenced the total amount of guano
deposited, five variables were selected, from the nine measured, based on strong
estimated parameters from univariate regressions and low collinearity. From 31 candidate
GAMM models run, the weight of evidence by AICc value was not strongly in favor of
one top model (Table 4). The “top”, or best performing models, were those with the least
amount of information loss (lowest deviance) and highest correlations with guano mass.
The top model had an Akaike weight of 0.22, indicating a 22% chance of being the best
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of the top six candidate models (Table 4). The evidence ratio between the weight of the
top model and the next best model indicated that the top model was only 1.05 times more
likely to be the best than the next in the sequence. Since this weight of evidence for the
top model was weak, inference about the effects of these combined variables may be
based on the top several models with the highest weights (multimodel inference; Table
4).
Table 4: Generalized Additive Mixed Model (Program R, “mgcv” package) rankings based on
Akaike’s Information Criterion corrected for smaller sample sizes (AICc; hollow
predictors versus guano mass response). A Gaussian family smoothing function was used
with the “identity” link function (n = 131). DBH = Diameter at Breast Height, Volume =
calculated cone shape inside of hollow, MaxHeight = Maximum height of hollow
opening, CeilingHeight = height from top of opening to ceiling, MaxDiamEncl =
Maximum diameter of hollow above opening.
Model

df

CeilingHeight
+MaxWidth

7

CeilingHeight
+Volume

logLik

AICc

Delta AIC

Weight

-73.93

152.23

0.00

0.22

7

-73.48

152.30

0.07

0.21

CeilingHeight
+MaxHeight

7

-74.86

152.33

0.10

0.21

CeilingHeight

5

-74.82

152.55

0.32

0.19

CeilingHeight
+MaxWidth
+Volume

9

-73.19

153.82

1.59

0.10

CeilingHeight
+DBH

7

-74.56

154.31

2.08

0.08

Null Model

1

-81.43

169.05

16.82

-

Multimodel inference allowed for the determination of top variables. Ceiling
height was included in every model and had the strongest effect of any variable (β = 0.19,
SE = 0.045), indicating its high influence on the mass of guano deposited, hence the
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amount of bat use (Fig. 11). Other variables of some importance in multivariate models
were maximum height of the hollow opening, maximum width of the hollow opening,
volume of the hollow cavity, and DBH. Predictions based on the top predictor variables
showed the effects of data outliers pulling on the model curve and widening confidence
intervals. For this reason, these models were based on a dataset with five hollows
removed due to extreme guano masses or predictor measurements.

Figure 11. The Generalized Additive Mixed Model (GAMM; blue line) associating the top
variable ceiling height with guano mass (adjusted R2 = 0.17). Shaded areas are Bayesian
posterior standard error fits (similar to 95% confidence intervals; “mgcv” package;
Wood 2020).

Modeling of the full dataset indicated that maximum height of the hollow opening
was the most influential variable, but data for this variable was skewed by the strong
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influence of Mailliard Redwoods hollow 08, which had the highest opening and mean
guano mass by far (15.5 m and 23.0 g, respectively). When Mailliard Redwoods 08 was
removed from this analysis, maximum height became a much less significant variable. A
similar effect occurred with the inclusion of Mailliard Redwoods 01 and 11, therefore
models were compared with and without these hollows. Conversely, hollows
Experimental Forest 02 and Del Norte 15 had extreme maximum diameter of the
enclosed hollow and maximum height measurements but very little collected guano.
Plotting models with these outliers showed extreme influence, so I tested both the full
dataset and reduced dataset residuals for normality of distribution. The reduced dataset
performed better, and variable significance made more sense considering the results of
previous studies and my experience in the field.
Influential predictor variables at the hollow scale differed between C. townsendii
and the group of all bats. DNA identifications were used for presence/absence
determinations and modeled using binomial family GAMMs (“logit” link; logistic
regression) at the hollow scale (n = 83; the number of hollows with species
identifications). AICc model comparisons revealed the variables below ground height,
ceiling height, hollow diameter, and maximum diameter of the enclosed hollow as
increasing the probability of C. townsendii presence (Table 5). However, none of these
variables were better than the null model when modeled alone versus guano mass.
Hollow volume was not included due to its high correlation with hollow diameter (r =
0.88), and limited influence as a predictor of C. townsendii presence. The low evidence
ratio between the top model and the next “best” model (1.28 times more likely to be best)
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and small differences between AICc in the model relative to the null model indicated
weak weighted evidence, which may account for the difference in top variables from the
models developed for all bats (see Table 4).
Table 5: Hollow scale comparisons of top models by AICc value relating presence of
Corynorhinus townsendii to predictor variables (n=83). Binomial family GAMMs
(logistic regression; R package “mgcv”) were assessed by systematic variable
combination and compared to model averaging results from R package MuMin. Highly
correlated predictor variables (r > 0.60) were not included in the source “full” models.
Model

df

logLik

AICc

Delta AIC

Weight

BelowGroundHeight
+CeilingHeight
+HollowDiameter
+MaxDiamEncl

6.3

-50.34

114.43

0.00

0.23

BelowGroundHeight
+HollowDiameter

3.0

-54.35

115.00

0.57

0.18

BelowGroundHeight
+CeilingHeight
+HollowDiameter
+MaxDiamEncl
+MaxHeight

7.4

-49.23

115.02

0.58

0.17

BelowGroundHeight
+CeilingHeight
+MaxDiamEncl
+MaxHeight

6.6

-50.31

115.09

0.66

0.17

BelowGroundHeight
+CeilingHeight

4.2

-53.36

115.66

1.23

0.13

BelowGroundHeight
+CeilingHeight
+MaxHeight

5.3

-52.12

115.69

1.26

0.12

Null

1

-57.53

117.10

11.9

-

For all bats at the vicinity scale, most variables in candidate models had little
influence on guano mass; i.e., their AICc was higher than the null model. No variable
combinations of vegetation cover at different heights and characteristics of nearby trees
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influenced guano mass more than the cover of small trees (β = -0.17, SE = 0.057, Z =
2.97, P = 0.003, Fig. 12). The frequentist statistics are reported here because the evidence
ratio for the next best model was 1:1, indicating that adding other variables to the model
did not improve it. At the lower sample size of the vicinity scale vegetation
characteristics (n = 36), binomial models for C. townsendii were inconsistent and did not
identify influential variables.

Figure 12. Generalized Additive Model spline function of guano mass in response to small tree
cover (family = Gaussian; link function = identity, n = 36). Shaded areas are 95%
confidence intervals.

At the site scale, GAMMs were used to assess effects on guano mass of distance
to open foraging areas, elevation, and number of nearby hollows. Over all sites, no
models with single variables or variable combinations performed better than the null
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model, indicating a lack of significant effect. This was also the case for C. townsendii,
analyzed separately using GAMMs with a logit link.
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DISCUSSION

Basal hollows in old-growth redwood forests on the North Coast provided roost
sites during my study for at least ten bat species. Secondary forests were searched, but no
basal hollows could be found. With visual observation accounting for less than one
percent of my species identifications, guano collection and DNA analysis have proven to
be superior methods for determining relative abundance of bats using roosts, as well as
identifying species. Myotis californicus and the M. evotis-M. thysanodes group were
identified in hollows at all sites, indicating the importance of this roost type for these
species. Corynorhinus townsendii was identified in seven out of eight sites, which greatly
expanded knowledge of their relative abundance in basal hollows. Previously, this
species was rarely encountered on the North Coast and was a candidate for being listed as
threatened by the State of California. This investigation also identified maternal colonies
and hibernation sites, which are essential to the continuance of bat populations.
Bats using tree hollow roosts on the North Coast of California generally preferred
large hollows (high ceiling, wide and high opening), and usage increased with metrics of
size. The hollow with the most guano in one collection (Mailliard 08; 130 g) also had the
tallest opening and highest ceiling. Increased usage of large hollows may have been
related to ease of entry (wide opening), internal maneuverability (hollow diameter and
volume; Rhodes and Wardell 2006), ability to fit more bats (diameter of enclosed part of
hollow), and predator avoidance (ceiling height; Lucas et al. 2015). At the vicinity scale,
increased roost use by bats occurred at lower density of small trees. This factor may have
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been important because cluttered vegetation was likely more challenging for bats as they
maneuvered toward a roost hollow (Vonhof 1996). At the site scale, a relationship with
shorter distance to open foraging areas, especially streams, was expected (Rabe et al.
1998, Kühnert et al. 2016) but not observed.
My study affirmed the use of guano traps as a relatively non-invasive technique
for collecting information on the amount of bat use of tree hollows. Forest managers have
often relied on visual searches for bats in hollows and guano in the substrate, however
this technique has been insufficient to detect use by bats, as bats intermittently occupy
roosts and are rarely observed directly. Prior to installing traps, I found guano beneath
hollows only occasionally, yet guano was collected consistently from nearly all traps over
the study period. Considering the difficulty in species identification by sight, bats in my
study area have been identified by acoustic recording (Mazurek and Zielinski 2004,
Kennedy et al. 2014), and at basal hollow roosts by capture (Zielinski and Gellman 1999,
Purdy 2002, Weller and Stricker 2012), or DNA analysis (Zielinski et al. 2007). My
analysis combined using guano mass as the response variable for determining roost
characteristics (e.g., Gellman and Zielinski 1996) with identifying bat species through
DNA analysis.
Bat species were identified more completely with the newer “Species from Feces”
DNA mini-barcode assay (Walker et al. 2016) than by Mazurek and Zielinski (2004) and
Zielinski et al. (2007). Previously, members of one group (M. evotis-M. lucifugus
carissima-M. thysanodes) could not be distinguished from each other (Zinck et al. 2004).
DNA analysis at the NAU lab successfully isolated M. lucifugus, but was limited to the
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pair groupings of M. californicus-M. ciliolabrum and M. evotis-M. thysanodes. While the
DNA sequencing could not separate the M. evotis-M. thysanodes group, both of these
species have been captured with mist-nets inside of hollows in Del Norte County (Purdy
2002).
From the successful guano DNA species identifications, the most common
species were different from previous basal hollow studies on the North Coast, therefore
Prediction 1 was not supported and an alternative species prevalence list was prepared.
The most surprising finding was that the percentage of C. townsendii identified using
redwood trees was much higher than previous guano-based studies on the North Coast of
California (17.0%; versus 1.3% in Zielinski et al. 2007, Fig. 3). Acoustic monitoring at
three vertical locations (not specifically at hollows) by Kennedy et al. (2014) in
Humboldt Redwoods State Park identified C. townsendii in only 0.24% of total
detections. The most common species in my study, M. californicus (28.5% of all
identifications), was also different from the results of Zielinski et al. (2007) and Mazurek
and Zielinski (2004), who recorded M. volans as the most common species using basal
hollows (35.6% and 46% of pellets, respectively). The M. californicus-M. ciliolabrum
group also ranked high in those studies, with 28.2% of pellets and in 73% of hollowbearing trees (Mazurek and Zielinski 2004). Although M. californicus and M. ciliolabrum
are not different in the sequence divergence of mitochondrial DNA, range records
indicate that all of these detections were M. californicus (Zielinski and Gellman 1999,
Holloway and Barclay 2001, Purdy 2002, Hayes 2003, Rodriguez and Ammerman 2004).
The species M. evotis and M. thysanodes (17.4% of detections) were grouped in my study
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because they were indistinguishable by DNA assay and both occur in the study area.
Lasionycteris noctivagans was detected in a basal hollow for the first time known on the
North Coast (2.4% of detections), as were A. pallidus (2.0%), and L. cinereus (0.4%; one
detection), at sites in Mendocino County. Other than A. pallidus, these species and
Tadarida brasiliensis are typically recorded flying above the redwood canopy (Kennedy
et al. 2014).
While the DNA mini-barcode assay is sensitive, able to identify species from one
pellet in a sample of 100 pellets, environmental degradation may have reduced the
success of DNA amplification (needed for sequencing) in soil and guano samples. Since
all of the soil samples failed to amplify, no conclusion could be reached for Prediction 2
(testing identifications from high to low-use hollows). The lack of success in soil
samples, and about half of the guano samples, was likely a consequence of environmental
stresses such as moisture, ultraviolet light, and warm temperatures prior to collection
(Colin Sobek, NAU lab, pers. comm. 2019). Nearly 100% of guano samples can be
sequenced successfully when stored up to 30 months in dry, dark, cool conditions
(Walker et al. 2019). Conversely, nearly all (16/17) tests of samples from caves with high
humidity and cool temperatures were unsuccessful after 12 months of storage ( et al.
2019). Similar conditions could have reduced success in my study, as coastal redwood
forests tend to be foggy and humid (e.g., 77 - 89% humidity at Redwood Experimental
Forest; Boe 1970). Investigations of eDNA persistence have mainly focused on
freshwater and marine species, where deterioration is rapid, taking only one to two weeks
for concentrations to become unmeasurable (Dejean et al. 2011, Thomsen et al. 2012).
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Substrate eDNA degradation on land is highly variable, from hours to years, depending
upon the substance to which the DNA binds (Harrison et al. 2019). High oxygen
concentration at the surface of the substrate may also have contributed to DNA
deterioration, whereas anoxic conditions in deeper soils reduce nuclease degradation and
increase preservation of eDNA (Corinaldesi et al. 2011). The failure of eDNA analysis in
my study was likely due to a combination of environmental degradation, surface
sampling, sub-sampling of soil, and the limited use of hollows for some samples. More
frequent collection and preservation may have improved the success of this technique.
As predicted (Prediction 3), bats deposited much more guano in hollows in
summer months than in winter. All sites followed the same general pattern of higher use
in warmer months, but there was variation in peak guano mass collections between sites
(see Appendix C). Early in the summer, female bats may be more active as they formed
maternity colonies and sought suitable protection for raising pups. In July through
September, newly volant young begin to forage, and insect prey become available later in
the summer (Black 1974). Less is known about where bats go during winter in temperate
zones such as the North Coast without hibernacula that stay cold over several months. In
winter months, I collected guano consistently from most basal hollows, but at lower
quantities. Bats roosting in torpor during winter were expected to deposit much less
guano than in summer, when they were actively reproductive and had a much higher
metabolic rate (Joseph Szewczak, pers. comm. 2021). These changes in seasonal roost
use corroborated similar analyses in Mendocino and Del Norte Counties (Gellman and
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Zielinski 1996, Zielinski and Gellman 1999, Purdy 2002, Mazurek and Zielinski 2004,
Roberts 2008).
More specific seasonal changes in species composition were revealed in the three
hollows with monthly species identifications at the Grizzly Creek and Mailliard
Redwoods sites (Prediction 3.1). Although data were limited, it was apparent that a
particular species dominated a roost, and when they were not present other species took
their place. Continuously high proportions of C. townsendii in Grizzly Creek 22 over
winter suggested hibernation and added to limited knowledge of winter distribution for
this species. Likewise, the high proportion of A. pallidus in winter in Mailliard Redwoods
01 indicated a likely hibernaculum. In months when multiple species were detected,
species mixing (using the same roost at the same time) could have occurred, but this was
not confirmed and has rarely been observed or studied. Species mixing was only
observed “occasionally” in a long-term study of Vespertilionid bats in Europe from 1968
to 2007 (Lučan et al. 2009). At another European location, bats in the same roost hollow
separated themselves by species with minimum interaction (Swift and Racey 1983).
Currently, knowledge of inter- and intra-specific social interactions is important to
monitor for potential transfer of white-nose syndrome or other diseases. While whitenose syndrome is mainly found in cave-dwelling bats, large tree hollow roosts are
analogous to caves and are likely places of interaction.
Guano mass was higher in these large basal hollows, indicating a preference by
bats for large roosts. This finding supported Prediction 4 and added evidence to similar
findings in previous studies (Gellman and Zielinski 1996, Law et al. 2000, Purdy 2002,

48
Mazurek 2004). The top predictor for bat use of basal hollows was the height of the
ceiling above the opening. Individual bats, and especially maternal colonies, may have
been seeking thermal regulation, as higher ceiling areas were protected from weather and
tended to maintain consistent temperatures (Kunz and Lumsden 2003; see Prediction 4.1
below). Higher ceilings may also have decreased the ability of ground-based predators to
access the roosting bats (Lucas et al. 2015). Maximum width of the hollow opening was
also a relatively important characteristic in roost selection, possibly because bats in flight
could maneuver into hollows more easily with wide openings. Contrary to this result,
some bats may have chosen small roost entries that would be less accessible by predators
(Goldingay and Stevens 2009). If bats actually “selected” roost trees from several
options, it follows that external tree diameter (DBH) may have been a cue for hollow
size, as it was correlated with internal hollow diameter (r = 0.66). DBH did not increase
roost use (guano mass) in univariate regression models, which corroborated Gellman and
Zielinski (1996), although DBH was positively correlated to roosting activity in other
locations (Rabe et al. 1998, Kalcounis-Ruppell et al. 2005, Ruczyński et al. 2010,
Jachowski et al. 2016).
Higher hollow volumes have been posited as better for predator avoidance,
because of the ability for bats to escape with more flight area (Zielinski and Gellman
1999). However, volume, by itself, was not significantly correlated with roost use by bats
(β = -0.12, SE = 0.08), but was influential when included in models with other top
variables. This result was different from previous local studies in which hollow volume
was significant alone and in models with other variables (Gellman and Zielinski 1996,
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Purdy 2002, Roberts 2008). Some of this difference was likely due to the wide variety of
sites I included in overall analyses. Models run without consideration of site
autocorrelation (the random effect in mixed models) resulted in stronger correlations
between volume and guano mass over all sites. At sites such as Mailliard Redwoods,
where hollows and guano deposits were generally large, volume correlations were
inflated. I suggest that in future studies, regression analyses should be stratified by site or
split into high and low guano producing hollows in order to parse out site-specific needs
of bats.
Binomial (presence/absence) modeling indicated that some of the same hollowscale variables were important to C. townsendii as to all bat species, especially ceiling
height. With C. townsendii being detected in 41 out of 83 hollows in which species were
successfully identified, I had a large enough sample size to evaluate habitat preferences
for comparison to all bats. Unfortunately, the evidence ratios between the top models
were low, indicating that none of the variable combinations carried much predictive
power.
Effects of micro-habitat temperatures on roost use were examined based on
recommendations from other studies (e.g., Roberts 2008). For maternal colonies, warm
temperatures were needed during pup rearing to save energy costs (Sedgeley 2001; in
New Zealand). In arid environments at night, sheltered tree hollows typically provided
this required warmer ambient air (Kalcounis and Brigham 1998, Willis 2003; in
Saskatchewan). Here on the California’s North Coast, I found that mean temperatures
over one year, inside and outside of hollows, had no significant effect on roost use,
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therefore Prediction 4.1 was not supported. This result may be due to the low variation in
daily and seasonal temperatures on the California coast (WRCC 2021). The same nonassociation of bat activity has been corroborated on the North Coast by Seidman and
Zabel (2001), although their study was not roost-based and was not close to the coastal
fog zone. For further investigation, I suggest that daily and seasonal effects of
temperature on roost use may provide more specific results.
At the vicinity scale, roost use increased in hollows surrounded by lower cover of
small trees. This finding supported Prediction 5, that less vegetation clutter around
hollows would increase use. Small trees represent a low-to-middle canopy space through
which bats must fly in search of roost hollows. A preference to roost in relatively open
forests was most likely related to easier navigation, roost relocation, and increased
warmth from sunlight to benefit developing young (Racey and Swift 1981, Vonhof
1996). Typically, increased roosting has been associated with lower canopy cover
(Brigham et al. 1997), although different species cue in to forest characteristics that suit
their evolved habits and physiology. Variation in wing morphology and echolocation
calls of different species relates to their feeding and roosting niche in forests, whether
open areas, forest edges, or forest interiors (Jantzen and Fenton 2013). Slow-flying bats
such as C. townsendii have low body mass and low wing-loading to promote
maneuverability in complex forest structures (Norberg 1986). Bat species that are more
capable of navigating understory vegetation will be more likely to access basal hollows.
In redwood forests, these hollows almost always occur in large, old trees. As the depth of
influence from edges created by people is increased, from timber cuts, road incursions,
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and other developments, tree species such as alders compete for space and resources
(Russell and Jones 2001). My finding that the presence of small trees decreases basal
hollow use by bats provides supporting evidence that forest edges influence wildlife in
old-growth forests.
The complicated effects of forest edges may have been a reason for the
inaccuracy of my prediction (Prediction 6) that increased hollow use would be associated
with smaller distances to foraging areas, such as clearings, roads, or streams. Particularly,
I expected to find an association between roost use and distance to streams, based on
results of previous studies on the North Coast and beyond (Gellman and Zielinski 1996,
Rabe et al. 1998, Kurta et al. 2002, Bellamy and Altringham 2015). While bats often
forage on clearing and road edges, their use of streams is higher due to the increased
density of insect prey (Jackson et al. 2020), as well as the availability of drinking water
(Kühnert et al. 2016). However, congruent with my study, there has not always been a
positive correlation between roosts and distance to water (e.g., Adams and Thibault 2006
in Colorado, Kühnert et al. 2016 in Switzerland). Bats have been hypothesized to roost
more frequently near forest edges to reduce travel time between roosting and foraging
habitat (O’Donnell 2000, Perry et al. 2007, Perry et al. 2008, Borkin and Parsons 2009).
My use of mixed-effects models (GAMMs) to avoid issues of spatial autocorrelation by
site tempered the magnitude of effects for these variables. This is one issue with
attempting to generalize environmental effects on roost selection across a wide
geographic range. Another possible complication is that increased foraging may increase
guano deposition at streamside roosts. Moth wings and other insect parts were found in
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several guano collections, indicating that hollows near foraging areas were used as
feeding roosts (Lewis 1994).
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CONCLUSIONS

Basal hollows provide an important roosting resource to bats using redwood
forests on the North Coast of California. These roost sites provide respite, protection, and
conditions for reproduction and raising young. Their availability likely limits distribution
and abundance of bats in many locations (Hayes 2003). Use of basal tree hollows may
alleviate the stress of roost scarcity on the North Coast, where caves and mines are rare.
The importance of tree hollows to wildlife has been quantified and described on the
North Coast (e.g., Early et al. 2017, Slauson and Zielinski 2009) and in forests worldwide
(e.g., Bennett et al. 1994).
Bat monitoring at roosts can be improved for researchers and resource managers
by comparing the costs and benefits of guano collection and DNA analysis to capture and
telemetry techniques. Reduction in costs of DNA analysis will eventually make more
information accessible to a broader range of researchers. Field or lab testing kits that
could be used with modest expense and expertise would quickly increase bat species data.
DNA from guano could provide data beyond bat identification, such as sex ratios, dietary
analysis, and identification of other animal species using hollows. Validating these
methods will require additional testing of DNA deterioration times under different
conditions. With a combination of methods, more information could be gathered on the
effect of roosting in particular hollows on the ﬁtness of individual bats, colonies, and
local populations. This level of knowledge is needed for proper habitat management and
to guide mitigation as natural roost locations are altered (Ormsbee et al. 2007).
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Land managers and foresters may use the information from this study to inform
practical techniques for surveying bats, such as guano collection and DNA analysis.
Considering that nearly all basal hollows were used by bats, forest managers should
consider saving trees with hollows for bats and other wildlife, especially species of
conservation concern. For C. townsendii and other species of concern, tree hollows and
knowledge of the techniques to study them will become vital if these species become
listed as Threatened or Endangered. If local population numbers are in decline,
conservation of trees with hollows will be an effective action to provide roosts for species
preservation. Other mitigation techniques, such as provision of roost boxes are often
unsuccessful at attracting high diversity and numbers of bats and artificial tree hollow
creation may be considered in such situations (Rueegger 2017). Continued research on
the ecological intricacies that make tree hollows suitable for bat use will improve
management and mitigation techniques and lead to forest management practices that
conserve the best habitat for the most species.
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Appendix A
Study sites with search areas and hollow locations
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Appendix B.
Monthly guano mass per site
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Appendix C.
Guano size and color by species: From single pellet DNA identifications (n=55)

Generally, guano pellets from A. pallidus were large and dark, C. townsendii were
medium-large and dark golden brown, M. evotis-thysanodes and M. volans were medium
and brown, and M. californicus-ciliolabrum were small and dark. However, there were
many exceptions. For example, I mistook guano from Mailliard Redwoods, hollows 08
and 11, to be C. townsendii, but DNA results identified it as A. pallidus. I suggest that
species identification by visual inspection of guano size, shape, and color is not accurate
enough for most scientific research.
Examples of species identifications by DNA analysis of single guano pellets. Guano
photographs are approximately actual size; graph lines are 0.5 cm apart. Bat
photographs included for reference.

Species / Hollow

Guano Pellet

Reference Image

C. townsendii
Humboldt Redwoods
07

*Photo: A. Armstrong

M. californicus
Cape Vizcaino 03
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M. evotis-M.
thysanodes
Del Norte Redwoods
19

M. volans
Humboldt Redwoods
07

A. pallidus
Mailliard
Redwoods 11

*Other photographs are from WikiMedia; licensed under Creative Commons 3.0
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Appendix D.
Alternate figures in grayscale

Figure 6 Alt. Total guano mass (g) collected per month from all tree hollow roosts (n=139) from
May 2017 to April 2018, at 8 sites on the North Coast of California. Data used from May 2017 to
April 2018 due to Mailliard Redwoods site collection date range. Site order in legend matches

order in graph.
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Figure 7 Alt. Total guano mass (g) collected per month, with the Mailliard Redwoods site
removed (n=130), from May 2017 to April 2018, on the North Coast of California. Site order in

legend matches order in graph.

